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; ABSTRACT
}Vr
Krowledge-based production systems, which are bdased on
Artificial Intelligence concepts, offer distinct advantages
in the representation, analysis, and correlation of
information in certain probdlem areas. This thesis presents a
detailed design and implementation of a prototype
rnowledge~based production system which interprets
information from wunattended ground sensors. Zackground,
rationale, system oblectives and system structure are
discussed. Representation of knowledge and the program
control structure are emphasized. Finally, the details of
implementation and a discussion of the results ottained are

presented.h
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I. INTRODUCTION

The ability to <collect and trensmit information has
multiplied several-fold in recent years, in large part due
to the advent of the microprocessor ard eadvanced
communications technolcgy. Tais leap in capatrility has made
combat intelliesence and comtat information more accessable
to everyv level of command. The abundance of information
availabdle maxes it technically possibdle for any unit
comrmander to acquire information concerninre the statvs of
friendly as well as¢ hostile forces within his area nf
influence. To exploit this new capadility, however, it
becores necessary to develop the meens to correlate this
{ivformatior in a meanirgful way. By meaningful., it is meart
that the essential elements must be culled €rom the larger
Pedy of information, that they be extracted in a tirely
manter So that the {nformation produced is relevant, and
that the informatiorn e presented to the user ir a manner
that he <can understand and act wupon. As more ard rore
informatior 1Yecomes availatle at every level, this
capabllity for effective correlation becomes increasingly
important.

This thesls represents a limited attempt to investizate
and act upon this prodlem of correlation of tnformation. The

nature o0f the prodlem itself seems to te nertinent to the
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entire military hierarchy, varyinz only in the scope,
. context, and the degree of correlation required to produce
useful inforration., It was desirahle to lirmit the
investigation to an area where any results produced would te
reaningful, and where the information needed to rcnduct the
effort would te readily availadle. After some investigation,
the target of the research ané immplementation effort was
ctosen to be a3 subset of the Marine Corps egrcvrd sensor
program. z
The United States Marine Corps currently possesses the
capatility to acquire informetion throush the deplovment and :4
use of networks of esround sensors. These sensor devices, cof
which there are several types, were originally developed for

use in Southeast Asia. They are emplaced in a variety c¢?

waye, and provide informatiorn abtout their {immediate

environment ornce activated. This information is presented to
the collector im its raw form. In the case of seismic
sensors, for example, which detect vidrations in the earth
caused by the passapge of an object within the detection
radius of the sensor, the 1information is presented as a
series of bdbinary (on or 5ff) activations. The quantity ard g
quality of the 4nformation is variadble over time; the f
inforration may, for example, be corrupted to a varyire
extent bYdy the environment in which the sensor is »laced, bty

the operatine characteristics of the sensor 1{itself, or by

jamming., Correlation, which takes place at the collection
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site, is preseatly manual ia nature, ard is perforred Dby

trained operators who compare the outpvt of adjacent
sensors, sensor arrays (a collection of sensors logically
erouped together to t» provide information on & specified
area) and sensor fields (a collectiorn of arrays loeically
egrouvped to provide information over a larger area) over
time. This correlation effort serves as an input to the
Marine Corps intelligence system and can be used to provide
combat information to the' applicadle commarders [1].

This thesis focveces on one method of correlatirg

information that seems to te applicadle tc a wide variety cf

problems ~- oproduction <ystems. A branch of Artificial
Irtelligence, perfcrmarce oriented kncwledge-tased -exnert
production systems provide a means for encoding the expert
rncwledge ¢ a restricted domair [2). A performance-orientesd
production system attempts to display competent tehavior in
that restricted domain ty the use of selected aprlications
of production rules, each of whick represent some small
plece ~f lZncwledge that is applicabdle to the domain. While
perkaps computationally equivalent to an aleorithmic
approach to the same problem, the production syster differs
significantly ir the manner in which knowledge is
represented and appléed. Producticn Tules cffer a
representation of knowledse that {s easily accessed arnid
modified, maQQng them quite useful for systems designed ®cr

an incremental approach to competence {2]). The knowledee of
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the system is extended simply ty addire rvwles thet apply to
the domain, and the irformal %nowledge c¢f the expert may ‘e
represeatsd and applied in a convenient and vsefrl manner.
"epresentatior of knowledge and its application in this
manner onffers inherent flexibdility, and produces bdbehavior
similiar te that which a human can produce and understand.
In this manner, & production system may offer a feasibdle
approach tc a class of prodlems that wculd otherwise bde very
difficult to structure alegorithmically, or siven a solutioxn,
be difficult to explair in a comrprehensive manner to the
average user.

The thesis 1s organized 1into five major sections,
excludine the introducticn and attachments. The Backeround
section provides information concerning the organization of
the Marine Corps ground sensor pregram, the technolcgy used
in the present generation of ground senscrs, and processine
methods that have bYeen developed in the past ¢r are
currently being utilized in this area., This information will
hopefully give the reader a feel for the nature cf the
problem and put the thesis effort in the proper context. The
Design section discusses hilerarchical performance-oriented
production systems in general, their salient features, their
structure, and their characteristics. Prcductior systems
already in existence that influenced the approach to the
system designed in this thesis effort are menticred. This

cection includes a discussion of the structure of the

11
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prototype production system developed as a result of the
thesis to process and correlate ground sensor infermation.
The odjective of the design effort, the concept, the
structure, and the design approach are included. The
Implementation section descrides Just that - the
implementation of the prototype system in its present formr.
An example rule and a computation that results from the
operation of this rule are presented. The final two sections
discuss the results obtained by the limited testing
conducted, and the conclusions drawn from the results cf the
testine. Recommendations are presented for further
development, and a discussion of the applicabtility cf

further study is included.
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I1. BACKGROUNE

A. PREFACE

This chapter {s divided into two major areas. The first
area contains information about the Marine Corps eround
sensor program. Only that inforrmation is presented which
allows the reader to place the thesis effort ia proper
context, give the reader ar idea of the scope and complexitv
of the prodlem area, or was pertinent te the thesis effeort
itself. More detailed information on the Marine Corps eround
sensor program may be cobtained by referring to ref. 1, 4,
and 5. The second area contains information abecut previous
development efforts in this area, and current methods of
processine and correlating ground semsor informaticx. It is
hoped that this information will give the reader an
understandine of the “state of the art of processine
information in this area, and the backeground that he mav
better understand why a production system was thre mrethed

chosen for investigation.

B. THE MARINE CORPS GROUND SENSOR PRCGRAM

This section is divided 1into eight sutsections, each
covering a facet of the Marire Ccrps eround sensor proegeran.

The purpose, organization anc training, employment corcerpt,

13
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advantages and disadvantages, factors for consideratior in '

" employment, methods of emplacement, and the equipmernt
considered in this thesis are detailed. As noted tefore,
information that is more detailed than that presented ray te

found in the above cited references.
1. Purpose

The Marine Corps sensor surveillance capadbility was
desiened ard is oresanized to meet Marine Corps requiremrants j
in support of amphibious operations. Pata acquired from the
use of ground sensors (a detailed description of suck a

sensor is given in section B.8 of this chapter) can resylt .

ir the tdentificaticn, moritorine, an?/or the targeting of
hostile elements that might otherwise €0 unéetected.
Collation of sensor surveillance acquired data with tkat
acquired ty other means 1is 4intended to recult in a
significant’y improved intelligence capabdility [1]. As such,
the Marine Corps ground sensor program is an inteeral part
of the. total intellipence collection <capadbility of tte !

Marine Corps.

2. Oregarization and Trairnine

B T

Sensor assets within the Marine Corps are controelled,
maintained, and operated by the sensor contrel and
management platoon (SCAMP). One SCAM®T 1is alleocated per

diviston; each SCAMP functions urder thke cognizance of the !

14
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division intelligence officer. The mission of a SCAVP ic to
estatlish the capability for remote sSensor surveillanre
employment in amphibious operations, to support corntingency
overations, anéd to conduct sensor surveillance training and
testine as required [1). The SCAMP platoon is also tasked to
support the Tactical Surveillance Center (TSC), which 1is a
self~-contained, mobdile, air transportadle operations center
designed to provide a capadility for moritorirg and
evaluatine sensor derived data. The SCAMF is orrcsanized with
the capadility of providing sensor employment s3juads and
teams to Reeiments and Battalions, resvectively. subordinate
to the Division. The SCAMP i{s also capable of supportirg
combat support unitsy i.e. the TDivision EReconnaissance
battalion, arnd the Artillery regiment. Each membter cf a
sensor employrent squad or team is trained to implant tlre
various classes of sensor devices found in the Marine Corps
inventory, monitor these devices, read out tracsrmitted data
from the sensors, &and analyze the result. Thus configured,
the SCAMP represents centralized control of all sexnsor
assets within the Divisior, but stands readr to surport
subordinate wunits and fulfill their particular sansor
requirements as the situation dictates [5].

In its present configuration, the SCAMF i< capable of
simultaneously monitoring vp to seven hundred twenty
4ifferent sensors of the various types that are ~ontained i

the Marine Corps inventory. This i< accomplished throush the

15




operation of the TSC, mentioned oreviously. The TSC s
actually a series of four separate shelters, each capéetle of
stand-alore operation and each able to monitor twe huandred
forty different sensors <imultaneously. Each <chelter i«
desiszned to bYe operated by a seasor employment squad. Fa-~h
shelter contains four recording devices (to be descrited
later), each of which is capable of monitoring sixty sensors
simultaneovsly and 1is operated by one Marine, As a modular
structure, the structures cf the TSC may be taske? out to
subordinate wunits &< required, or mar te colocated to
function as a unit [4].

The trainineg of SCAMP personrel {is accorplished ‘ty
various means, mest of whica (tecknical traiping in
electronics, for example) cormes from the basic wilitary
occupational speciality that the Marine origirally care
from, and will not ¢te further discussed. Senscr-snecific
training, however, 1is of interest; for the Marine ir the
SCAMP platoon, it comes primarily from two scurces., Irnitial
training in the senscr field is usually received courtesy cof
the Army through its Unattended Ground Sensors course, given
at the U. S. Army Intelligence Center at Fort Euachuca,
Arizona. This school is designed as an entry level course
(1.e. 1is verv basic in nature), tut it 1s tke only fcrmal
training a Marine sensor operator is likely to get. After
graduation from the Army school, the Marine is assigned to

one of the three SCAMF’s that are currently active., Tris

16
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represents his entry into the second phase of the training,

which is likely to last for the duration of his career in
the Marine Corps - cn-the-joh and unit level trairing. Zach
SCAMP has its own training progrem, which is tailored to the
situation that each particular SCAMP finds itself in, plus
the dec<ires of the various levels of commanders that are
arle to }n!luence the SCAMP platoon commander. The tailored
trainine programs and & high turnover rate, especially among
key perscrnel such as platoon commanders (whe directly
irfluence the scope, Style, and content of trainine
programs) serve to add elements of inconsistency to the

various training proerams.

3. Emplovment Concents of Ground Sensors

The currert concept of employmert of eround sensor
assets calls for rerote sensors to te emplaced defcre,
durine., and after assault operations where enemy activity is
known or excected. Employment is generally classified *y the
organizational 1level at which the sensors ard their
resulting information are utilized, and i{s bdroken dowr irto
three di{fferent types of employment classes: types I, 1II,
ard III methods of employment [1). In the case of every type
of empleyment, locations for employrent and types o0f sensors
to bY» employed are mission deprendent ard are preselecrted sc

as to optimize the receipt of information, aiven the level




of resources avallable (i.e. the numder c¢f sensers, their
types, and their monitoring capability).

Sensors emploved in a tvpe I mode are locally
employed by subordinate elements of the amphibtious task
®orce, down to and including the tattalion level. Data from
the sensors is immediately evaluated and acted uporn locally.
Control 1s decentralized; sensors in this mode of operation
are nrermally used fer 1local perimeter defense, listeninge
posts, local security patrols, ambush operations, and locel
targeting for organic (in-house) suppertirg arms (rortars
and artillery) [1].

Type II employment of sensors, on the other hard,
cenptralizes control of seénsor assets to directly support tre
amphidicus ferce/landirg force to provide timely inferration
atout enemy forces ard movements within the amphibdious
objective area, Type II employment 1is <charecterized tr
utilization of sensor assets at a hipher tacticel level.
Representative uses for sersors in this mode of employrert
include preassault area surveillance to assist in the
selection of landing zones, surveillance along large scale
defense perirmeters, and surveillance and targetirg of enemy
approach and withdrawl routes to ard from the deachhead (1].

Type III emplcyment 1is the hignest level o?
employrent, and is essentially stratesic in nature. Cortrol
of sensor assets 1s passed to higher levels in the chaln cf

command. In this mode, Sensors are nocrrally employed ir the

18
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area of interest, where immediate combat actior 1is not
contemplated, but where continruous surveillance is
considered necessary. Fxamples of sensor employment ir this
mode include employment along dorder areas tiarsusgsh which
enemy units may pass, enemy airfields, hartors. and tase
areas, or nominally neutral zomes [1].

On the most bdasic 1level, Sensors are nerrally
employed in grouos (hereafter referred to as arravs). The
sensors within an array represent a logical ercupine,
designed to provide as much information as possible abeut a
siven area. The sensors provide multiple sources of
fnformation so that <classification and tracxking mav te
initiated on suspected tareets. The <confieuration and
composition of a particuler array 1is dependent uporn the
situatior in which an array is emplaced, tut as a fenerai
rule, arravs mav te troken down into two distinct
classifications by metned of empleyment: the traill array,
and the area array. The treil array is & frouping of sensors
that is essentially linear ic nature; the array s usually
erployed along a well-defipned avenue of &ppyroach, such as a
rcad or a trail. Information derived froem this type ¢f
confipuration presupposes that the access to tris
configuration is limited in nature (i1.e. access s nvevally
in{tiated from the ends of the array, proceedice alore tre
entire lensth of the arrday. The sensors are deploved «<¢ ac

to take maximum advantage 0f that craracteristiec. AnL area
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array, on the other hand, is vsually employed to cover a
#iven gereral area. Unlike the trail array, the senscrs of
this confizuration must be positioned to provide maximum
coverage, as opposed to maximum utility. In both tyves of
arrangements, mixes of sensors are normally employed to
provide the maximum amount of infcrmatior possidble. Senscrs
can also te roughly divided into two classes: detection-only
type seascers, which are mnermally utilized to detect a
tareget’s presence (but are not normally used to classi®y a
target), and classification sersors, waich are norrally used
to classify the target. As noted defore, a mix of dethk types

02 censors is normally found [8].

4, Advantages of Femote Sensor Emplnvment

The employment cf remote sensor surveillance systers
provide some unique advaantages as compared to other methods
0f irtelligence collectior [1]. Ameng the advantages are:

a, Timeliness
Remote sensors can bde employed te acquire
{inforrmation in a timely marwer; i.e. real tire or near real
time,
b, All Weather
Remote sernsors are sigsnificantlvy less weather

restricted thar most other reans of i{informaticn collecticr.
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c. Full Time

The majority of remote sernsor devices crerate

without regard to conditions of fatigue.
§ d. Expendability
All remote sensor devices are expendadle and ray
he employed in hisgh risk environments.
e. Survivability
Areas in which remote senscr devices are emploved
may bYe attacked by supportine arms with a high deeree of
probadility that the remcte sensor devices will survive
undamaged.
f. Covertness
Properly emplaced, employed, and <ceoncealed,
remote sensor devices can remain undetscted,
g. Flexivility
Remote sensor devices may Ye employed in a
variety of situations or in a variety of cornfigurations, ar?

may be emplaced by a variety of reans.

; 5. Disadvantagzes of Remote Sensor Employrernt

The employment of remote sernsor surveillance devices
has 1ts disadvantapges as well [1]. The most notadle

disadvantages are:
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a, Figh Cost
Most remate sensor devices, tecause of the
desired collection capadbdilities ard the required ruggedness
built in for field use are relatively high cost items.
b, Iimited Discrimination
Present generation remote sSensor devices have
limited or no adility to react to more than one tvpe of
activaticen stimulus.
c. Limited Life
Remote sensor devices are dependent vpor tattery
power, which 1imits the useful lifespan of the 1evice. Tke
lifespan {s further limited by activation rate and activity
rate.
d. Tamming
Preseat generation remote sensor devires which
report by radio link are suvsceptable to active interference.
e. Range
The detection range of mcst present zensration
remote sensor devices is quite limited.
f. Locatior
Given the limited range of most devices, the
effective utilizaticrn of the devices requires accurate
information about its location.
2. Enemy Reaction
Remote sensor devices are subject to destructiorn,

removal, or boodvtranping dy enemy forces.
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6., Factors for Consideration ir the Employmert of "rourd

epcsor Devices

The effective use ¢f remote sensor devices in a
tactical environment depends largely wupon & thorourh
¥nowledge cf the current tactical situation and of planning
considerations which apply to the intended area of
operations [1,%5,7). Some of the factors to be considered in
the emplecymert of remote sensor devices are:

a, Mission of the Unit Being Supported ‘j
The task of the unit to te supported dy grourd ';
sensors has a direct bearing on the number ard type of '
sensors used, and the method in which they will te emploved.
As an example, if the unit to be supported is =caductine an
attack, then the ground sensors in support will 1lilkelv te
employed tc give that unit commander as muciz inforratico as
possible abtout enemy troop movements ian that immediste arees,
especially along likely avenues of approach.

b. Type of Coverace Lesired

Trhe type of coverage desired will determine the

number and types of sensors used. If, for example, blanket

coverage of a particular area is desired, many more senscrs
of all types will be required.
c. Terrain Aspect-
Zemote seascr: ~r- affected to varylne desrees by

terraln factors. Some of the factors to te concidered cre
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soil type and composition, vegetaticn (size, type, and

density), limitations of toposraphy, road ard trail
networxs, waterway networks and associate?d tide levels,
ambdient seismic and acoustic tackeround noise levels, ard
indigenous population density. These factors will affect the
reliability of different classes of sensor output tc varying
degrees.
d. Yeather Consideraticns
Remote sensors are affected to varyinz degrees dy
weather factors. The followine factors are considered
pertinent to the planning for wuse of eround sercors:
precipitation (type, quantity, duratien, frequency, ard
effect on soil compaction), wind velocitv and directiorn,
humidity, and cloud cover,
e. Fnemv Considerations
Factors abdbout the enemy to he considered irclude
activity, intensity, and method c¢f confli-~t.
£. Svpport Requirements
Among the support factcers to be considered for
sensor operations are operator proficiencyv, equipment a&arnd

persornel availadle, and methods of delivery.

7, ethods of Employment

The delivery of remote sensors can eenarally bde
divided into two broad catagories: air and ground <deliverv.

A third method, delivery bdy artillery, is currently teine
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developed and will be an available option when a new

[a

generation of asrourd sensors is fielded. Air delivery may bde
accomplished 'by means of <celected fixed or rotéery wineed
ajrcraft irn the Arry, Navy, and Marine Corps invertory.
Aerial delivery 1is wuvsuvally the most feasitle means of
delivery fcr sensors designated for type III employrert, cor
for type II employment sensors in areas that are heavilwy
dominated by enemy forces [5]. The primary disadvartage of
aerial delivery 1is the resultineg 1loss of accuracv then
occurs when sensors are dropped from venicles that are
moving at a moderate to high rate of speed. In contrast,
hand emplacement 1s generally considered to te rore
accurate, and is usually accomplished bty the t=ar thkat is
directly cortrolling the <sensor assets {1]. The rrimary
disadvantaeses of hacd emplacement are the weight limitations
imposed tv the manuel mode of tramsport, the cusceptibilicy
10 enemy action on the part of the erplacement team, azd the

lack of range that an emplacement team enjovs.

B. Rerote Grourd Sernsor Equiprent

As was mentioned previously, the present generation
of eround sensor equipment was oripinally desiened for use
in Southeast Asia, Frecently, a full allowance of prase 1I1II
equipment (the direct product of the modifications rade to
the orieinal equipment design) nas teen provided to eech of

the three active Marine Corps divisions [1]. For a ‘ull
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listing of the equipment presently availatle, refer to ref.

4

In the following discussion only that equipreat whichk
pertained to this thesis effeort is discussed. For a detailed
description of the equipment currently irn the Marine Corps
inventory, consult ref. 4. A descriptior of the equipment
can bYe bdroken down into two areas: sensor devices that were
actually concidered, and recording equipment. All other
component items (radio relays, antennaes, azd the like) had
no tearing on the thecis effort and hence were ignorei.

The piece of recording equipment that was of ianterest
to this thesis effort was the signal cdata recorder,
Actually, this pilece of equipment had no direct impact on
the thesis itself, but as it presently serves as the meers
of interface Ybetween the sensors, and the operator, it wszs
felt that a btrief study of this device would assist irc the
understanding of how the present system functioned, which ir
turn mieht provide some clues as to how to approach the
problem. The recorder is actually a simple plotting device,
an X/T plotter. Information (i.e. activation siegnals) are
represented graphically im one dimension (the "X~
dimension). Time histories are kept of the activations &s
the paver moves dy the the graphic pens of trhe device at a
fixed rate of speed (the "T" dimension). Activaticas are

thus recorded as ~tick™ marks, and are time crdered, teing

displayed eraphically as they occur [8]. It is these sets
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that the sensor operator interprets. An example of thie tvpe
' of output is eiven in figure 1.

The only sensor considered for the thesis effort wszs
a MINISID (in the seismic only configuration). The MINISID
responds to seismic activations; that is, it detects
vidbrations in the earth that occur when a person or vehicle
causes seismic activations within tts detection radivs. When
a person or a vehicle moves across the gzround, vibratiens
are caused by that passage. If a seismic sensor is sensitive
enough (i.e. the activation is within the sensor’s detection
radius) then the sensor will detect the vibratiors aznd
transmit a sigral indicating that a detection has been
accomplished. Once the transmission is sent, the sensor
“turns itself off" (inhibdits itself) for a fixed length of

time. The minisid functiozs in pracisely this manzer.

Diferent sensors usually have different levals cf

1

sensitivity dependine on the type of tarsget; the MINISIT is
no exception. The MINISID has an inhidbit time of ten
seconds, and {is classified as a detection-only sensor.
Functionally, the MINISID of capadle (on the average) cof
detecting a person at a distance of thirty meters; fcr
vehicles, the MINISID is capabtle of detection at a distance
of one hundred meters. (This varies considerably with thre
operating characteristics of the sensor itself, the tvpe of
the environment in which the sensor is placed, and the type

of vehicle itself - the detection radius for a tark s
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nermally abtout five times the above stated distance'. A
MINISIT weizhs nine pounds (€], and has a minirum rated
lifespan of thirty dave (the actual lifespan may Ye quite a
bit longer - it is dependent upon the activation rate of the
sensor over time)., The MINISID is wunique in that it car
operate independently (in the "seismic ocly  mode) or it can
act in concert with (attached to) other sensors. This thesis

considered the MINISID in the "seismic only” mole.

C. AVAILABLE METHODS OF PROCESSING GROUND SENSOR INFORMATION

Other attempts have ©been made in the past to mechanize
the processing of ground sensor information, or to erhance
the operator display to facilitate processing. To date ncne
of the developed methods have deen implemented by the Marine
Corps; the method of processing ground sensor informatiocn is
still manual in nature. Several of the other methods are
mentioned in passioe to 2ive the reader an idea of the scope
and the direction of previous efforts. Finally, the present
manual method of processine eround sensor {rformaticn 1is
reviewed.

Probahrly amone the first innovations, TMF (Terminal
Message Processor) attempted to enhance the operator display
to facilitate processing. ¥nhancement was obtained ty
placing a simple loglc circuit tetween the receiver and the

plotting device. When the thresholéd for activatiens per unit
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time was reached or exceeded, a pen burn’ (a solid
activation markx on the chart paper) was caused. &< long as
the activation rate per wunit time continued to meet or
exceed the preset threshold, the "pen burn” continued. This
distinctive marking on the chart paper attracted the
operator’s attention; the rest of the processing cycle was
manual in nature [9].

Other, more sopkisticated, attempts used a computétional
(mathematical) approach to the processing requirement. An
example i< the ATTAC alogrithm [1¢], which seemed to e
about the most sophisticated method encountered irn the
author’s literature search. ATTAC divides the probler area
into functional spaces and uses, to a degree, different
computatioral methods to process each different area. Tlre
alogrithm 1is based in part upon time/distance fcrrulas, in
part upon cutside information supplied by the user, and in
part upor statistical analysis of the historical éata tase.
ATTAC is mentioned as the problem structure of the &logrithm
was used as a starting point in the design of the rpretotypo
production system.

Manual processing of raw sensor data and of <ensor
derived informatior is the present method used by the Marire
Corps sensor operators. The method 1s the same whether the
TSC modules operate independently or as a unit. Witkin eacn
modvle (which 1s a van, correctly descrited as the

Battlefield Area Survelllance System [BASS) wvan) [&],
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recording devices (described previouslvy) are 1located. The
numter of sensors and the configurations will vary according
to the tactical situation, but the sensors are normally
grouped logically when attached to the plotter so as to
facilitate recognition of target activations when they
occur. An operator may redefine this grouping as needed as
the method of switching is manual (the sensor receiver leads

are physically plugged into the plotter Jacks). &s

information i< received, indicated by “tick" marke on the p

R it

plotter ©vaper, the operator looks for distinctive patterns

(eenerally a stairstep type of arrangement, as activations
are usually received in a typical array arrangement in a
time-ordered fashion)., When a distinctive patteren i{s
recognized, a target track is 1initiated - the operator
calculates the tareet’s velocity, and coupled with any other
type of information he may possess at the moment (such as
data from a classification sensor) he makxes a deterrination
as to the type, number, direction of travel, and speed of
the target. This {infermation 1s recorded on a standard
report form, and the information is then passed to the next
level {in the chain of command (5,6] In this manner,
information is input into the intelligence <ystem and the
tactical reporting system. For a detailed descrinticn ¢f the
various processing techniques avalladle to the operator, see

ref. 6.
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IIT, DISIGN

A. PREFACE

This chapter s divided into two major sections. The
first section discusses the structure and the
characteristics of knowledge-based producticr systems in
eeneral; the second section details the design ¢f the Pt
prototype productior system developed as a result of this '
thesis effort. In the discussion of the protctype system a
definltion of the problem is given, the syster otjectives '

are descrited, and the structure of the syster i{s discussed. f?

E. GENERAL

The discussion of krowledee-based production svstems s
further bYroken down 1into five sub-areas. The first is a
discussion of the structure and characteristics of
knowledge~tased probdlem solving oroduction systems in
zeneral. The secornd 1is a discussion of approplate ard
inappropiate domains for krowledZe-dased precduction systers. H

The third and fourth sub—-areas are a discussion of the {

advantages and the disadvantages of knowledse-taced
production systems. The fifth is a discussion of the urique
features of a hierarchical production system, which 1is the

particular classification of the prototype system develcped.
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The first four sub-areas should give the reader an
urderstanding of the structure, characteristics, and areas
of employment for knowledge-based production systers; the
fifth sud=area snould allow the reader to bduild upon that
understandine in the domain speczific to the thesis-related

prodlem,

1. Structure and Characteristics of Knowledee-based

Prodblem Solving Producticon Systems

A problem solving production svstem may be viewed as
consisting of three basic components: a set of rules, a data
base, and an interpreter for the rules [3]. A rule 1is an
independent “chunk” of knowledge about the problem space and
consists of two parts: a situation recoenition part
(logically an "1f" clause) and an action part (a “then”
clausel. The situations that <trieseer rules are specified
combinations of facts that exist in the data tese. The
actions that are performed by the rules are restricted to
beinge assertions of new facts deduced directlv from the
triggering condition(s) [2). The recogrition part of & rule
may be viewed as a passive operation of perception, while
the action part may bde considered as one or more primitive
operations to be performed upon a subset of the deta ‘tace
[3). 1In this manner, communicatlions bdetween different rules
in the system is both direct and restricted to a single

chanpel - the data bdase.
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The data base 1s a collectior of all the facts known

to the system abecut the world (the ernvironment in which it
operates) at a given moment. The interpretaticn cf facts in
the data base is dependent ir large part upon the natvre of
the application, bdut it is important to note that the data
base represents the sum total of information Xknown to tte
system (i.e. the data base is unified). Unlike algorithmic
methods or structured languages, in a krowledge-tased
production system there is no provision for separate storaee
of control state Iinformation. The unified data base is
universally accessible to every rule irc the system, So that
anything put in the data dbdase is potentially detectadble by
any rule ([3]. This has a definite impact wupon the control
structure of the production system.

The interpreter is the source of control for the
xnowledge-based production system. In simplest terms, the
interpreter may be viewed as a select-execute locp, ir whiech
one rule applicatle to the current state of the world is
chosen and then executed. Its action results in a medified
data base, and then the selection process begins arain [Z).
In the simplest production system this process corsists of
merely scanningz the premise conditions of each rule in turn
until a match is found with a subset of tae data tase,
performing the action required by the rule identified, ard
then starting over. This alternation of selecticer and

execution 1is an essential element of production syster




architecture that is responsidle for one of tae furdarental
character{stics of production systems - the corrlete
dependence upon the state of the data tase for contrel., GEv Q
choosiee a rule for executior on the basis of the total
contents of the data base, a complete reevaluation of the
control syster 1is being performed at every ~ycle [2). This
i< di{fferent from procedurally oriented approaches, inr waich
control flow 1is dependent wupon the process then teirne
executed and upon the “velve” of the control variatles,
which may represeat obly a very small part of tha
information availadle ¢to the sycstem at anv given moment,
with  such an “upstructured” control structure,
k¥nowledge-bacsed production systems are potentially sencitive
to any chanee In the state of the world within the scorpe of
a staele cycle [3].

The above represents a tasies from which arv
vroduction system may be viewed, Many variaticns are
poss<idle, however; any departure from the “pure’ structure
defined above 1is usually in respomse to the structure or
complexity of the protlem space, The simplest evaluation of
production rules involves a matching ef literals
(system~specific atomic elements of informatior, usvally
represented by a single symbol) on the left hanéd side (the
premise side) of the rule, acd replacement of tre rafched
literals by the literal <contdained in the right haz? c<ide

(the action side) of the rule. This is a sirple example of
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forward chaining, wheredy a conclusion is drewn from the
successive apolication of rules in a deductive marrer; 1i.e.
deductions are formed from a given set of facts. A diagram
representationr of forward chaining may dYe found in figure 2.

A variatior might be the matchirg of the right harnd
side of a rule, with the action to be taken contained on the
left hanmd side. This {s an example of backward chainine
whereby a hypothesis is formed abtout the state of the world
and the data Ddase examined to determine the degree of
support present for the hypothesis. This represernts én
inductive rather thar a deductive ©process, and is well
1llustrated in the MYCIN production system [11], which
operates in the area of clinical medicine. & <dlaszrarm
reprecsentation of backward chainine mav te found irn fileure
2. Another variation ts that the premise cordition{s) mient
be a complex set of actions in themselves, suca as arn
extensive searching requirement. This technique {s utilized
in the FEARSAY production system ([12] which operates tn tre
area of speech reccgnition.

The representation of data (in the simples: case, as
a set of literals) and the control ~<tructure (in tre
simplest case, no control structure at all) are also lizely
candidates for variation. The data reprecentation might ‘e
multi-dimensional, as s the <case in the SU/X producticn
system [13] or it may consist of <complex <tructrrec. The

order in which rulee are evaluated mav have ¢ tremerdovs
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impact upon the efficiency o0f a system, as an crderirg
scheme may sSienificantly reduce the amount of actusal
processing required to reevaluate the <control <tate every
cycle., This requirement will be reflected in tne centrol
structure, which itself may be quite complex. A4 oparticuler
variatior 1is to pass control infcrmatior explicitly in the
data bdase to cause some predetermined evaluation order of
the production rules. Another more flexible means of control
is throueh the use of meta-rules, as is done in MICIN, where
the protlem o0f ordering rule evaluation is viewed &< just an
extension of the protlem space. Rules (meta-rules, taat will
cause the necessarv ordering may then bYe formulated and
applied, thus extending the kncwledge ¢f the cprogram {2 3
uniforr manner. Carried t¢ the extreme, the technique of
implementing higher order rules can e advanced to anv level
desired. Yet ancther method of orderine rule evaltaticn,
decomposing the problem space inte 1levels, is later
described in detatl. TFTach of the adcve variaticos f(arni
others not mentioned), while seeringly tetter #itting a
system to a particular prodlem space, may iz fact {nduce
complicatinons in the operation of that <yster. This mav
prove to be a limiting factor in the wutility of such a
system at a later date, as more information etovt the
problem space is obtairned. Nevertheleﬁs. tte perforrmac~e and
structure of any given knowledge-based prnduction <vstem mar

still ®e viewed with resvect to the concept <cf the jure
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production system embodied in the three bdasic components

descrited earlier.

2. Appropilate and Inappropiate Tomrains for

Fnowledze-tased Production Systems

Program designers have found that production systems
easily model some problem spaces ( space 1is defired to mear
the sum of all possible problem states ~ the sum cf all the
possidle comdinations of variables in the prodlem set); somre
problem spaces, on the other harnd, lead to extremely awkward
representations [3]. The first criterion for ‘udzirg whether

a probdlem domain is adequate for a production system is the

anount of information available atovt the domain. If 1little

or no information is available, a knowledee-based producticn
cevstem will probabdly be ill-suited, a&as there ic little
rrowledge te tase the vroducticn rules vupon. lLikewise, an
area in which ¥nowledre ic hifFhly formalized and strvctured
will also probadly de ill-suited; an algoeritarmic techrigue
will probatly be rore efficient overall. An example of this
condition might bYe in the area of Iinear Algetra, where tre
amount of availatie i{informaticn 1ic¢ 1large ard hirghly
structured. A oroductioa system to sclve protlems irn 1Ilirear
Aleetra might therefore te 1{ll-svited, especiallr wken
compared to tne number of algorithmic tecznigues already
availatle., The second criterion conceras the irdependence cf

Al

the krowledge ovrimitives (tasic knowledge chur%s ' ¢f a
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problem space. A protlem space in which knowledee atout the
protlem <can bte represented as the sum of manv incdependent
states (a state is defined as the values of the ©prograr
variables at any eiven moment) is prodbably well-suized to
production systems, as each rule is an independent, modular
“chunk” of knowled#e. Division of the problem space
information into production rules 1s therefore protarlx
natural and direct. A 200d example of this condition ics tte
area of ¢linical medicine, the domain in which MYCIN
operates. The sum total of information, both fartual and
Judpemental, adbout clinical medicine seems to bde larfelv
representadle in a large nurter of Dbasic states of
kpowledge, each 1independent of the other. A trird
distinction might be the complexity of contrel flow [Z]. Tre
control structure of a production system is normallr simple,
visible, and directed throuzh & sinele channel - the 2ata
base, Prorlems requiring 1indirect or complex con*rol
structures (complex looping or recursicn, for example’ ara
probabdly ill-suiteé to a produvctien <ystems apprnach.

Sienal understandins tasks, of which the oprotiem
under consideration in thls thesis 1s a member, ceemr well
suited to the application of Xnowledge-based <croduction
cvstems when analyzed in view of the distinctions precented
atove, In many signai upderstarding areas, the arount c¢f
information known atout the problem space {s lerFe. tut is

nelther complete nor highly structured or forrmalized ir
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nature, especially 1in the task of correlation. Many siernal
understandinge tasks seem to be a composition of mery
independent states of the problem;lan examrle might be in
the area of acoustic signals, where the urnderstanding of the
signal is dependent in part upen the characteristics of tke
sienal itself, which in turn is dependent upoa the strensth,
source, propagation characteristics, wavelength, etc. of the
sienal. These divisions of the problem into its "rrimitive’
elements that mayv each te considered separately reflects the
nature of the prbblem space - a protlem that coasists of
many Independent states. Finally, the nature of the control
structure required to sucessfully recoenize and correlate
signals in specific domains <seems to indicate that
knowledge-based productior systems car be readily applied.
Interpretation of a sigpal in such an area is directl
dependent upcn the state of the data base at thaet given
moment; the rmranner in which to proceed, dependernt upon the
state ¢of aralysis of tnat signal, alsc taner seems to ‘Ye
dependent wupon the state ¢f the data tase at that rorernt.
Such a requirement for a variabdle <control structure lends
itself directly to application of xnowledee-tased production

systems.

X. Advantapses of Xnowledee-based Production Systems

From the foregoing discussion, ceveral advantaces of

knowledee-based production systems are imrediately apparen:.




Representing knowledge as vproduction rules forces e
hemozereous representation of xnowledge [2]. Eecause each
production rule is independent of the others (at 1least in
theory v), an incremental aprroach to competency 1is
possible; reasonable behavior is demonstrable in a probdlem
area where Y¥nowledge adbout the problem space is iccomplete
or inexact in nature. Fecause of rule independeance, rules
could even Ye removed (to a certain point) and tre system
would still exhibit some sort of 'reasonadle’, althoueh
reduced (irn the sense of competency) behavior. With tre
proper representation of knowledee, the intuitive or
heuristic knowledge of an expert mayv also be modeled by the
use of production rules. Urlike =algorithmic techniques,
production svstems allow unplanned tut useful interactiors -
a vplece of knowledge can he apvplied where and when it is
appropiate [2)]. T¥inally, because producticn rules are
modular chunks” of knowledge, a deduction represents a
chainine of the appropiate productions; explanation <c¢f
hehavior of a knowledge-based oroduction system is thus

facilitated.

4, Disadvantages of Knowledge—based Production Systems

Several diadvantages accrue when using the production
rule method, It is sometimes difficult to express knewledze
(especially 1informal knowledge) in & predetermined forrat.

This gives rise to the expressing of that ianformaticn irn ean
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indirect ménner, which might bte difficult for the user to
understand, In a large system, the additiorn of rules ray
cause side effects not anticipated by the designer, such &s
when the irsertion of a new rule directly contradicts a rule
already in the system. Pecause of the non-structured manner
of the production system, changing a rule may lead to
chanees in other rules which may lead to still mere changesy
the cumulative effect may be difficult to contrcl [Z].
Finally, reevaluation of the nprograr control state every
iteration can be computationally expensive. This mey terpt
the designer to implement some svecial control structure rot
availabdle to every production rule, Thic 1s 2irectly
contradictory to the spirit of the control sStructure of a
production system, ard wusually leads to awkward strvcture

modifications at a later date [3].

5. Fierarchical Xncwledge-tased Prcduction Systems

Fierarchical systems may bde viewed {in the sare
context of the three tacsic components of production syvstems
discussed earlier; tne discussion of the prodler derain, end
the advantapges and disadvantages of production systews 1in
general are all equally apolicable. The distinctive
characteristic of the hierarchical production syster is thre
structure of the system itself. In a nor-hlerarchical
system, all the prcduction rules have access to the entire

data base; this is one of the fundamental characteristics cf
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production rule systems. In a hierarchical system, however,
the prodlem space and resulting data dase 1isc divided 1into |
distinct 1levels, usually proceedirg from the less abstract
to the more abstract. Typically, each production rule may
have total access to only thnat part of the data tase whieh
it relates to. Instead of being global in scope, each rule
normally concerns itself with only one or two levels of the
data base structure. This in 1itself represents a ceorntrol
structure of sorts as control information 1is ro lornfer

accessitle to every rule ir the system;y the order of

processing may in fact be precdefined.
Of course, a problem that is defined in terrs of a |
hierarchical production system must be representadle in that
form - as a series of discrete levels of informatior arnd
contrel, The advantage of a hierarchical structure lies in

the fact that in a non-hierarchical system, the number of

rules may grow so large so as to effectively prohitit tre
reevaluation of the control state every cycle within egivern
problem constraints, whereas 1in a hierarchical production
system the tendency toward this characteristic is eliminated
to a large degree, Actually, a hierarchical system may bYe
thought of as a series of non-hierarchical systems, the
output of a lower level tecoming the input of the next
hWigher level. Viewed in this manner, it i{s easy to see that
the ©basic tenets of general knowledge-based oproduction

systems are directly applicable.
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A good exemple of hierarchical production e¢ystem is

the FEARSAY system [12)], which operates ir the area of
speech recognition. PRather than consider the entire domain
of the problem space or a single level (thus making the Z2atea
base universally availadle to all the production rules in
the system), FEARSAY divides the protlem of sreech
understanding into six distinct levels, each level of which
seems to represent a natural level of interpretaticn of the
prodlem space. In the area of speech recoenition, these
levels are the parameter, the segment, the syllabdle, the
word, the word-sequence, and the phrase [12]. A parameter is
that digitized acoustic signal which is received ir a ten
millisecond time slice, and represents the most Dbasiz
elerent of information in the HIARSAY system. The next level
of inforrmaticn contains seements, which represent hypotheses
adout what vuseful information is contained in thre
parameters, Syllatles are formed fror Seerents, words are
formed frem syllables, word-sequences are formed from words,
and phrases are formed from word-sequences, corpletine a
cycle throuveh the program levels. At everv level, competing
hypotheses are represented, reflectirg the heuristic nrature
of the protlem. Viewed as a series of <ingle-level
production systems, the output o¢f a elven 1level of tre
EEAPSAY svstem reprecents the input to the rext level. The
information elements of any given level thus represent the

atomic elements of information (ir which the reprecentation
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0? the protlem may be expressed) at that 1level. Freduction
rules ascociated with that level of information need onl:r te
cencerned with the classification c¢f informatior with which
they are familiar’ partitioninz of the data base thus has
the effect of denying access to parts of the data base fcr a

given level of rules in the HEARSAY system.

C. A ©PROTOTYPE PRODUCTION SYSTEM TO PROCESS GROUNL SEINSOR
INFORMATION

This section is divided into two major sutsections, each
concerned with a facet of the desien of the prototyre system
developed a&s a result of this thesis. The first sutsection,
tte overview, gives a definition of the prodlem and states
the goals of the desiegn effort. The second csudsection
details the desi»n of the prototype system, corparire a=znd
contrastine it with the structure and characteristics of &

model hierarchical production system, discussed earlier,.
1. Overview

As may be inferred frem earlier discussions, tre
prodlem space to te considered ia @ sclution to the prctler
of processing information frecm ground sensors is potentially
immense. Different tactical situations, different 1types of
sensors, and different enviromments comdbire to form a

problem space that is both hizhly variadle and diverse. Tre
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strategy for solution must therefore te varieble and
' dynamically based; an adaptive capability con the part cf the

processor is the rule rather than the ex-~eption. These
’i‘ factors, however, represent only ore facet of the pro*ler at
E hand. Of possibly more concern is the eff=ct on the solution
space that the operator timsel® has. In the case of presenrt
operations, where the processor is human, the possidle
operator variability i< large. Not all operators possess the
same degree of expertise; the amount and type of experience
and treinirg that human operators possess varies greatly
{13]. The intensity of the environment also afferts
different operators to varying desrees; the effects of :
fatisue on sensor operators is fairly well understood in a
high intensity environment [12] but the tolerance range of
individual operaters in a given situaticn can cornly te
surmiced., As the amovnt é&nd aquality of the 1inforraticn

availadle from ground sersors is at present decverdent uporn

the human operator, it may te surmised that, even in

W

“perfect” (1.e. corpletely  known and vnderstood)
environment, th2 utility of such information in the present
syster 1s much less than is theoretically possitle, sirply

Yecause of operator variance.

The goal of this effort wac to deronctrate ar
alternate method of processine ground seasor inforraticn,
which, if Aeveloped to its full exten., mignt vield core

1
tanzidle denefits in the areas of consistency, flexitility, !
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and reliatility. Since this protlem area is similiar 1in
nature to a host o¢f others in the military, it might Ye
inferred that this type of solution would de applicavle in
other related areas of processing anéd correlating
information. It wdasS realized that tire and resource
constraints would 1limit this effort to a small sutset of tzae
prodlem space; the immediate goal was therefore to desiger a
"core” system that would be capable of expanmsiorn as required

or when possibdle. }}

2. Decign of the Prototype Knowledse-tased DProcdvctinn N

System

At the outset, it was decided to retain as much
conceptual simplicity as possidble 4ir the desien. ¥hile
perhaps not the most efficient method of implementation, it
was felt that a simple desien wculd promote ease of
understandineg and allow for further expancion. The decision
was made, therefore, that the desien would reflect, to the
greatest extent possihle, the structure and cimnlicity »f a
“"pure” production system, described earlier.

Several production svstems already 1in exicstence

provided <clues to the direction that the desien effort

[V,

chould possitlv take, The ¢two most 1influertiel <sveter
already 1in existence were tae HEARSAY system [12] ar? SU/X
[14], bYoth of which are hierarchical ‘knowledge-tased

productior systems. As was nprevicusly mentioned, FTARSEY
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deals in the realm of speech recoernition, &nd is essentiallv
a forward chaining system. SU/X aprroaches the predlem cf

recognition of continuous sienals, and emplays toth forwerd
and backward chaining. The ccntrol structure of toth systers
is fairly complex,.

The ATTAC algorithm, mentioned previcusly, provided
clues as to the structure of the problem space; in fact, the
designers of the algorithm provided & structure cf the
probler space that was useful as a startine yoint for the
design of the prototype production svstem. 4 numter of the
characteristics of the problem, some already mentiozed,
provided constraints to the desiegn in one form or enother
and are listed below:

a. The problem space was potantially & laree sesr:ch
space,

b. Potentially diverse sources of knowledee, rot
orly from the sensors, bdbut alsc from tre operator, kncwledge
adout the enviroaoment, knowledge about Sensor
characteristics, and knowledge from outside arencies érnd
ristorical records terded to complicate the redresertaticn
of kanowledre. .

¢. Error and variatility. The poscitle roice that
could corrupt system input has already teen alluded te.

d. An experirental approach was needed for systen
development. It was anticipated that a need frr iteraticr
existed as additional information that impacted uvpon Syster
hecame avallatle.

e. Performance. For the opurpose of the thesis,
efficiency 1in the sense of storage vtilizatior aénd
performance in the sense of the precduction of inferration in
a tirely macner were lareely ignored, since the eo0al was to
{nvestirate and demorstrate a concept. It was feit, however,
that some sort of reasonatleness ir terms of arount ef
~romputation sheculd be ~iven some consideration.
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f. TUser interface, It was anticipated thet durines e

later stage of developmernt a capadbility for the user *¢ asx
questions about the decisions the system made would te
incorporated,
Given the above, the 9overall desizn of ar integrated
production system was {nitially opresented a&as & thesis
proposal, arnd 1s nresented as figure 3. Figure 4 represents
@ conceptual diagram of the design of the production system
itself in {ts present configuratior.

The concept of the blackboard fecr the representaticr
of the eglotal data base was torrowed from the EEARSRY
architecture directly. The tlacktoard is partitiored into
Aistinct information levels as depicted in figure 4, The
major units on the blackboard are hvpotheses, & cet of which
(at any ziven level) is an interprétation of a portiorn «of

the orodblem <pace at that level. Frypotheses, therefore, are

the primitive elements appropiate for representineg the

1))

problem at that given level; each level tecomes & different
representation of the prodbler space, It 1is interestice to
note that, while the present representation of the solution
space as a set of hypotheses {s a powerful mechanism, other
advantages also accrvue, In the present syvetem configuration,
many of the advantages of represeatins the solution spare as
sets of hLhypotheses s&are just tersinning to te realized. For
example, it 15 possidle to represent the “truth” of a

hvpothesis convenlently through the uce of certainty factors

(11, This elermert has Jjust been irtrcduced at the hiahest
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levels that have teer develcped to represent ar ordering’

3

' 0f hvpotheses br truth value. Thiec irmpiies that cornflictine

hypetheses may 2xist coancurreltly on a2 eiven level, and that
the truth value of each implies some informatinan atont the
degree of conflict. Sirce a certainty factor may te adjusted 4
dynamically as more information ‘tecomes availatle, the

widest ranee of solutions is preserved for considesration.

Jther variations énd orderings are possitlie; furthrer

exploitation is left te future desien efforts.

e -

The decnomposition of the problem <pace intc levele is

-

a natural parallel to the <cecomposition of the rpresrar’s

knowledee {nto Separate productica rules {12]. Currently,

st

twe productior rules need only concern themselves wita cre
or two levels of information =~ the level bteine operated
upon, and the level in which the recylt of the operaticn is
placed. Tris is nct, however, an irserert censtrairnt irn the ]
system desien, It is possidle, and prodbadly will ‘te-ore t
practical to make multi-level transferc of inforraticr as
more information about the prodtlem space 1s obtained. The

levels themselves form the *hrierarcnical structure cf the

prodlem, and may each coaceptually te thoursht of as

separate, independent production csystems that pacs

information Yetween themselives. The previous discrussicn
‘ conceérnine hierarchical «<systeme 15 directly apslicatrle to
the prototype system.

The productiocn rules of the prototype syster adhere
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ty the weeneral strvcture of a rwle in & pure proiuctiorn
svster. The rules in the prototvpe syster are crozniced
eéxclusively ¢s prerise-action pairs. The premice part 7 tte
rule 1s represenrted ty a rcclean comtiraticn of conditicns
te be verified aeainst the irformation c¢cn the blacktroari,
The action part of the rvle is a sirple ceries ¢of actinns 2
e taken should the prerise part de validated. Ferause cf
the nature of the irnfcrration {r the trobdler snace, hcwever,
substantial deviations occur from the simple con~=pt °F  tre
verificaticr and replacerezt of literals. A tyrica2l rule ;

e

structure is rore on the order of a TFEAP

(97

2T rule, whers 5!
possitly suhstantial orocessineg s rejuired tc evi.uate tne
left hand side c¢f the rule, ani not one bus Several a~tisrs a
ray result from tre verificatison of the left hand <ide, The
rules themrselves are oreganized %y levels of ({nferraticr ¢
which they operate, and have been gept cepara‘e,
independer*, ard aronymous, whizh sheuld assist in “future
modifications to the svstem.

As nas bYeer noted, ruch of tne structurs cf a purs’

production system has been retained in the development of

the prototype system, dut nowhere {s this mcre evident tror

ir the control structure. In the prototype systerm, as in ¢
“"pure” production system, the rules are uncrdered witsirn a
plven rule level, Fach rule has equal access to that! rerticno
of the %lacgboard which all rules con that level hrave acress

to. The one excepticn to this desien standard which wes
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t=p0sed on the design is the -~ondition trnat intralevel rules
must have priority to »e scanced defore any interlevel
rules. Thic was necessary to incure completenecs of the
irformaticn level to te operated on before tryine to pass
informaticn to arother level. This deviation is not refarded
as serious since the same effect could have teen achieved ty
includine another information 1level for eachk set of
intralevel rules., Procecssing in the correct order would have
then heen assured, but at the cost c¢f addine arcther,
lareely duplicate, level <¢f {inforrmation. Since thre two
descritred methods were equivalent computationally, the
decision was made to conserve storéee resources.

At rresent, trhe preccessirg method is strictly tottenm
up, that i<, forward chaining 1is exclusivelvy emplnved.
Althoush ret an inherent ldesiez constrairt, the iceical flcw
of the vprotlem to date requires *hat all rreocescing te
comoleted at a lower level tefore roviue t¢ the rnext ‘thipher
level. Currentlv, thic seems to te & natural recrecentation
of the predlem spare; as new {nfcrmation is z242ed, *rcwever,
thi< corre<porndence mav chanese, A chanFe of that tvye can te
ircerperated with no modification required to the rule
handler.

The rule hancler {tcelf <imply tests for the level to
he execute? upecn returr froem a previous level, and Airects
control to the newly tdeuntified level of processine. It (s

nossitle, therefore, to cycle tarcugh the ievels
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prosressively (as is the case {a the present coafieuvraticr’,
ar to jump tetween levels both in ar upward and dcwnward
direction. As a3 egerneral condition, a <rule which rlaces '
information on a lower level or intralevel returas control
to that level, but as was previously mentioned, this is not
an inherent design constraint. This condition can easily te

amended or reversed, as true control 1is dependent sciely

upon the <state of the tbtlacktoard. Control ic thus very q
flexible, and in accordance with the principles of a ~pure’ i
production svstem, !
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) IV. IMPLEMINTATION

A. GENERAL

The 1implementation chapter is divided intc four rajor
sections. This section discusses the prototvpe svstem’s
general characteristics, the second discusses the structure
of the prototype system. The third section presents the
capabilities of the system in its present confisuration,
while the fourth gives an example cf one ¢f the —gproducticn
rules of the system (a sample calculation usineg tre sarmple
rule {s also vresented). This chapter 1is <Zesigned to
familiarize the reader with the proeram structure a=znd

functions, and to provide the context in which the detaile

(8"

code may be aralyzed.
The prototype system developed as a result of this taessis

was writtern imn the C language; the syster source coce 1

wn

contained in its entirety in the detailed code. The rcaram
is designed to run urder the UNIY operating svetem with the
standard 1/0 package. The source code takes approximately
two hundred fifty-three thousand bdytes embodied ir five
thousand seven hundred lines of code. As evidenced :.:rn the
detatled code, hcwever, the program is heavily cormented
whichk accounts for a laree share of the source conde size,

The otject code 1itself takxes appreoeximately cixtv-twe




thousand bdyvtes, In its ©present confisvration, the system
contains 2€3 separate routines, in 19 separate files. Tre
prcegram as a unit is capable of and does allccate and
deallocate storage dvnamically so &s to meke the most

efficient use of available main storage.

B. PROGRAM STRUCTURE

The program in its present coafiguration is structured
into five logical modules - the data generator, the cupport
routines, the "core production system, ths oproegrar data
tase, and the generator data base. EZach of the modules is
detailed Yelow.

The data generator mav be logically broken down into two
submodules: the target 1list handler aai 1its associated
support routines, and the data generation sutmodule. The
tareset 1ist handler 1s responsible for the formation arnd
upkeep of the target list (which contains the active tersets
for which data may be ecenerated and their characteristiers,,
and of providing irnformation abdbcut the target licst to the
user’s terminal or the line printer on user request. Ir its
present conflguration, the target list handler is capadle of
handline wup to six different types of tareets, coded arni

classified as follows:
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type classification

< No tareet

1 Personnel

8]

Wheeled vehicle

3 : Tracked vehicle

4 Rotary wineged aircraft
5 Fixed winzed aircraft
6 Shocxk wave

The target list 1i{tself s stored as a series of five
one~-dimensional arrayvs; a4 particular 1index =<erves to
identify that particular targat’s type, velocity in tke X
direction, velocity in the Y direction, location in the X
direction, and locatior in the Y direction. At the ©vreser:
time, the target list hanpndler is capable of %aréling up to
ten different tareets simrultaneously. At present., the user
may add or delete a target, change a target’'s parameters,
print the tareget 1ist at his terminal, or write thre ‘tareset
1ist to the 1line printer. The target list nandler i{s user
friendly in the sense that it checks for common or toundary
errors, reports the error to the user at his terriral i{f cre
occurred, and reprompts the user for the neelded information.

The data generation submodule 1s responsitle fer
ceneratine the sensor data that would te produced 1 actuel
sensors were responding to the targets in the target list in

real time. The seneration sutmodule is also responsidie for

)

writing the data generated to a4 permanent file fer

ater
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call and wuse bty the executive routine of the main prcerar,
The data 1is generated by compering tarzet and senscr
locations, and the sensor activatien radius for that
particular type of target. If the target i{s within range cf
the sensor and the seansor 1is abdble to activate, then an
activation is generated for the sensor. Activatior data is
stored as a series of tytes, one set of tytes per sensor
track (a track is defined as a channel required exclusively
by & sensor to report information). Tach ‘tvte of Aata
contains six dbits of information; the first bdit of a data
byte 1c wused for control purposes, and the last bit cf the
byte is always set at zero to prevent sien extension for
storage and control opurposes. The numdber o0f dvtes {a set)
per sensor track is dependent wupon the time window (the
leng th of the simulation period) and the rumder of
iterations vper unit time. At present, each tvie of
information represents six~tenths of a seccend; the
simulation of @ simulation period is thirtvy cecords.

The data generator at present is a pure  sererater in
that any tarzet activatlions that are allcwadle are
faithfully recorded. This is in ~ontrast with real werld
data gereration in that real werld generaticn woulid de
complicated by random noise, uneven sensor detection radit
because of soil and atrosvheric corditions, etc. "Pure’ “ata
generation thus simplifies the probtlem; this was concidered

appropiate at this point 1in the effort. The present
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configuration senerates data for the MINISIT (ir the seismric
only mode) type of sensor only (the sensor was previcusly
i{dentified in Chapter 1II), ©but the structure of the
generator makes 1t easily expandable when it becomes
desiradle to add other types or configurations of sensors.
As a final note, the data generator contains a linked list
structure, the use of which is hidder from the wuser. The
nodes of this structure contain additional information about
the sensor tracks and link the senscr to its particular data
track(s). The routines of the data generator are grouped
{nto a single fille to permit easy removal should actual
input from real ground sensors become availabdle,

The support routirnes perform heavily used primitive
functions (such as getting a one character, & floatine
point, or an integer response from the user) and as such ray
easily be modified to suit the medium of the responce. The
support routines al<o include list primitive functions for
the 1linked 1ists wused in the program, ard wuser query
routines for inputtineg information into the proesram. The
list opriritive functions consist primarily of insert and
delete routines for a node for every type of linked 1ist
used by the program (there are currently twenty—two
different types of linked 1lists), and write-to-printer
routines for every type of linked list. The write-to-printer
routines allow the system developer to dump 1lists as

required for proeram dedbugging and validity checkine, and
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are available each program cycle. The final class of support
routines handle user queries, zive the user the ability to
add information into the system, change information already
present, or delete information from the system. At presert,
the only routines actually {mplemented allow the user tc add
sensors into the system. These routines estabdblish the
conditions necessary to auement the system structure with
the new sensor automatically, or prempt the user for the
information required to establish the pecessary links. Like
the data generator, these routines are user friendly.

The core production rule system is the heart of the
prototype system, and consists of the executive routine, the
rule handler, and the production rules themselves., The
executive routine cperates in a ryclical manner, ard \is
responsible for contrelling all of the other routines of the
program {in a direct or an 1indirect manrer. The mpajer
responsibilities of the executive routine are to cause a
response to user queries or to cause acceptance of user
input or requests, to cause the sensor data to he generated,
to cause the sensor data to be read in from the deta file,
and to cause the data to be processed by the rule harndler.
If the user inputs the stopping condition into the pregrar,
then the executive routine causes the necessary cleanup and
termination routines to occur Yefore stopping program

execution.
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The rule handler processes the sensor inforrmation by
tnvoking the various levels of production rules in the order
required. The rule handler directs control to the production
rule level of the indicator it receives; the 1level to te
processed is thus dependent upon the state of the producticn
rules which in turn are dependent upon the state of the
blacktoard at anyv given moment. In this manner, control is
decentrallzed, and the spirit of the control structure of a
knowledge-tased procduction system (i.e. no explicit contrel
structure at all) is preserved. After the highest production
rule level has bheen invoked (i.e. that group of predusticn
rules which produce informetion on the hishest level ¢f tre
blackboard) the level handler returns coatrol to the
executive routine,

Production rules are oreanized by the level of
information that they operate on (for example, premise
inforration for production rules that 1is found on level
three classify these rules as level three preduction rules..
Tach production rule is a separate routine, and &s such, is
completely independent of all of the other production ruvles.
The premise pert of each production rule is executed in ite
turn, and 1{f found to be true, the anrtion part of the rule
1< executed. Fules are executed in the <sequence that thev
appear in a level, but this orderine is not at all important

except as already noted in Crapter 1I.
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Special control structures that would order the manner in
which production rules are scanned have not teen
irplemente?.

The 2lotal data base contains the data structures and the
profgram variahles that comprise the blacgbcard. With the
exception of program constants and declared axterral
variabdbles (such as the system clock), all ‘tlacktoard
informatien is represented as linked lists, and egives rise
to the structure detailed in figure 4. The types of nodes
that comprise these 1ists and the information <that they
contalin are detailed in the program code., It is important to
note that sore of the lists are level-specific; these 1lists
represent the particular levels of informatice <depicted in
figure 4, and are penerally time ordered in arranserent.
Other liste, such as those that «contain information abecut
individual sensors, sensor arravs, ard sensor fields are
"common” (shared) by all the levels cf inforration an? ray
te thoueht of ac beine included on everv level’s
"accessible” blackboard (that part of the blackhcard which
i1s atle to be accessced by & particular level of producticn
rules). Many of the proeram constants establish oproeram
constraints and operating characteristics; fer exarple,
NFERYAP, a program constant defired on line 24 of the file
pgmvar.c in the program code, defines the maximum nurter of
units per bit map, which by default i{s the maximum rumter of

sensors allowed per array, arrays per field, and se¢ ferto,
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This arransement allows eaSy access tc important preoeram

parameters, chould charnge be desired.

The eenerator data base contains proeram variables and
data <structures peculiar to the data generator. Thece are
zrouped toeether so as to perrit easy removal should the
data generator te remeoved. Any routines that reference data
generator variables in the main program are specially rmarked
bv dracketing lines of @ slash followed by 2¢ asterisks
followed ty another <lash (such asc the "generate data” c&ll
ir the main program on line 22 of the file grrsersr.c in the

proeram code) for easy identification.

C. PROGRAM CAPABILITIES

The major program capatilities o¢or oprograr cperating
ronstraints (some of which have already beex descrited) are
summarized “elow:

1. The data eseneratcr {s capable of arceptine and actine
upon & maximum 0¢f ter targets simultaneously.

2. The program recoenlizes six distinct tarpet  tv
(plus a classification of "no tareet - type €).

ec

'ty

3. A "time window , or span of time that a fiven censor
data set spans 1s currently set at thirty seconds,

4. The raximpum allowaltle numter of sensors per array,
arrays per field, ard flelds is sixteen.

5. Tha rule base {S curreatly structured to evaluate
sensor data only from $ensors in a trail arrayv
ronfiguration., Input will be accepted fror sensors lorated
in an area arrev, btut will not be gprocessed,
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€. The data generator is presently capable of generating
(and the prozram is capatle of processine) date fror the
MINISID (in the ceismic only configuration) type of sencor.

7. The user is presently able to add or delete tarsets,
change target parameters,or priat the target lict if he <o
desires every processing pericd.

€. The user i{s capable of writinz any linked list to the
line printer, inputting sensors into the cystem
configuratiocn, or settine the proeram stopping conditiorn |if
he so desires every processineg period,

9. The ovrogram 1is <capable of generating up to ard
includine applicable classification hypotheses (inforration
level 5) for each event hypothesis (information level &),
less target <count, target directicr, and target length
(implementation of these routines are largsely mechanical arnd
are considered a simple extension to the program’c precent
capabdility). These classifications are bdased solely upcn the
types of sensors availadle to the system in 1its present
configuration. length (these functions are largely
rechanical it nature and are coasidered simple extersions to

the present proesram capadility). These <classifications are
tased

T, SAMPLE RUIE AND COMPUTATICN

An examnle rule is ziven delow to give tne reader a feel
for the type and structure of the precduction rules {ncluded
in the program (the rule is typical of tnose in the pregrar
in the sence of structure and function). complete lictinge
of the rules in their english lansuage ard their ccded forrs
ray be found in Appendix A and the detailed code.
respectivelv. An example computation, utilizirng the exarrle
rule, is presented as fiesures 5 and 6 to allow the readar to
nhserve the manner 1{n which the prograr (specifically the

rules) functions. Where necessary, required system
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conditions and data structures are corsidered tc have been

alreadv bteen ecstablished for the purpose of thiec example.
The structures of the nodes in the example, althoueh
simplified, are similiar to the structures of the actual
proesram nodes.

For the example presented, a "standard’ cituation was
established for presentation. The standard situvation

consists o0f: 3

1. A trail array ccnsisting of three MINISID sernsors (in
the seismic only confisuration) deployed along a treil.

2. Zaual spacirng of five hundred mreters bYetween sensors.

3. Th standard system paramretere acsigned to the
Sensors (tpn second inhidit time, a detection radius cf five ,
hyndred meters for the glven tvpe target, a maximum expected 1

velocity for tre target ziven of seventeen meters/seccrnd, a
minimum expected velocity of two meters/second, ar averaece
expected velocity of nine point five meters/second, ard
standaréd activation settings - active, not hypersensitive) s

4. A sinegle target, type tracked vehicle, initially
located one *=aundred meters beyond the first serscr’s
1etection radius, and travelline at the constaat speed ¢f
ten meters/second parallel to (over) the sensor strine.

The sample rule, listed below, is a production ruie of
the prototrpe system that operates on information oz level

two, and puts the result of its precessirg on level three. A

description of the rule is as follows:
1213r1:

IT a sensor is a C(Class IIl detection-only tyge
sensor AND {f it has filtered data i{n this tire
period, the sum of which may extend %Yevord this
time operiod, AND a "valid set” does not exist for

| this set of flltered date
, THEN define a " valid set’ for the sensor, iusert tre
% new valid set in the sensor’s valid ecet 1lict,
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ralculate the time of tne cengroid of the valiid
<et, mark the velid cet incomplete , <et ‘he
valid set update time to the present tire, arnd set
the valid set type to new

In the <ample calculation, &t time equal tc thirty
seconds (which 1is the length of the simulaticn period for
data generation, anéd by default is the processing interval
of the rule set), the tareet previously descrided in tre
“etandard” test <situation has moved well  witain  tre

detection radius of sensor one, but {s still out c¢f the

2
i$1]
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2tiop radii of sersors tac and three. The target ir fact
moved within rarse of sensor one and was detectatle at tire
equal to ten. An activation was therefore caused at tire
equal to ten. Since the sensars have an irhibit time of ‘ten

seconds, serscr ozne is not able to activate again uvntil tie

[¢1]

equals twentv, which {! does, as the target is still withic
its detectior ralius. Siriliarly, arn activation fcr sensor
ore i< caused at time equals trhirtv. This i{s tne state cf
thre data base ¥nown to rule 1213r1 when its  prerice
conditione are <canned, and is reflected in fiFure =2, Tre
prerise conditions are found'to be true, and the acticn part

0® tho rule is executed. The result is shown in fisure 35,
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V. TISCUSSICN CF RESULTS

Thie< chapter 1is ‘troken down 1into two <sectionc: the
sectior concerninge testing of the system, and the sSection
concerning the recuylts obdtained trecause of that tectippg. In
the section concernine syster testine, the method ¢f testire
t« described, and test situations wutilized to performance
test the system are described, In the results secticr, the

results of the performance tests conduzsted are detailed,

3. TESTING OF TEZ PROTOTYPE P2CDUCTICN SYSTEM

Testing of the prototype kncwledge-dhaced vrocdvction
system may be lopically separated icto two distin~t areas:

validation testing, ard performance testingz.

1. Valilation Testine

Validation testing concerned the testing cf all tre
logical components of the prototype syster~ to verify that
they perforrmed as expected (i.e. that not only were results
produced iz a <controlled situation, dut that the results
were the ones anticipated). This classification of testing
was essentlally exhaustive in nature - each main data path

in each mndule wae tested to 1ncsure that the recplite
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obtained bYy -exercisire that data path were the resultls
expected. Testing was conducted in a bottom-vp fasniorn,
startineg with the primitive routines of the syster and
proceeding tnroueh the system support routines, the ©prograrm
modules themselves, the iaterface tetween modules, ard
finallvy the system 1itself from the lowest level of
processing to the highest. Testing was conducted in an
fterative manner - wher testine of a given level revealed 3
structural flaw 1in a lower level, tec<ting reverteéd to thet
lcwer level upon cerrecticn of the flaw. In this marnner,
undesiradle <side effects caused by makine chanfes at lower
program levels without investigatirceg trhe effects of these
changes were eliminated. As may be surrised, this testine
effort consumed much of the time originally alloted for
overall testice of the system. As & result, the degree ¢f
system development anéd perforrance were sienificantly
reduced. A ‘teneficial side effect is that there is a fair
degree of confidence in the 1limited results produced *7
performance testing; it is felt that the results cf the

performance testineg actually conducted reflect the vpresent

state of system development and expertise.

2. Performance Testing

Performance testing was conducted throueh the use ¢?

13ed

"standard” sensor scerarios. These scerarios were opro

<
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by a Marine Corps officer here at the Naval Fosteraduvete
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Schocl, Captain Charles Dudlin. faptain Turlin had
previously teen <counected with the Marine C(Corps ercund
senser pregram in tpe capacity of a SCAMP nlatcen comranéer,
and was familiar with sensor operations. Captain Dubdlin,
provideid with the prototype system’s knowledge cavabilities
and system limitations, detailed two “standard” <scenarios
that would exercise the program”s capatilities, ané perhaps
reflect the program’s limitations. These two scenarios ray
te roughly divided into two different classes of probleme: a
sinele tareet scenario, involvine one sensor trail array,
and a rmultiple tarzet, <single tvpe, single directicn
scenario. These scenarios or thelr derivatives were used as
a basis for all performance tec<ting conducted, ard are
presented as follows:
a. Scepario Numdber Cne

Scenario number one consists o0f a sinele trail
array composed exclusively of five MINISIT sensors in the
seismir‘ ¢nly configuraticn, spaced at urejual intervals
(later selected to be four hundred, five hundred fifty,
three t4urdred, and seven nundred reters, rescectively) te
provide overlapping and non-overlarping detection radius
coverage. Plarning detection radii (meters), minirur,
average, and maximum target velocities (meters/seccond) were
left at the system default corditions for the system, ard

are presented, by type, as follows:
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Target type min vel avg vel max vel det rad
Fersonnel .5 1.5 2.7 3.2
¥heel veh 2.2 14.¢ 26.¢ 122 .¢
Track veh 2.¢ 3.5 17.¢ gee .
R/W A/C 2¢.9 60.¢ 120.¢ 582.¢
F/W A/C 3¢.¢ 17¢.¢ 25¢.¢ 70¢ .¢
Shk wave 25¢ .2 35¢e.¢ 35¢.¢ 95¢.¢

The inhitit time for each sensor was the system default (ter
seconds for all sensors). All sensors were considered active
ard functioning rormally. The tarzet chosen was & tracxed
vehicle with a constant sSpeed of ten meters/secornd,
iritlially vlaced one hurdred meters Ddbeycnd the detection
radius of the first sensor it was to encounter. The
Airection of travel for the target was parallel (over) the
sensor strineg, passinz throush the detectioa radius of each
sensor in i{ts turn.
b. Scenario Nurbdber Two

The sensor array confiesuration, the senscr
spacine, and the sensor operational characteristics are
fdentical to those presented in Scenario number cne. The
tareet, however, was changed to a column of four wheeled
vehicles, all travelling at a constant speed of thirteen
mreters/second. As in Scenario numter one, the direction o¢f
travel is parallel to (over) the sensor array. All vehicles
are equally spaced 1initiallys a distance of one hundred

fifty meters is maintained detween vehicles. As in Scenario
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number one, the lead vehicle i< initially placed one hundred

Teters Yteyord the detecticn radius of tae first serscor

arcountered.,

C. PERFORMANCE TEST RISULTS

The test of the system using Scerario rnumrter one revecled
that the system correctly identified the target as a tracked
vehicle with a certainty factor of L.E¢76, and & finel
reccréed velocity of 1¢.62 meters/second. An alternate
classification. that of & wheeled vehicle with a certa‘rnty
factor of .1923 was also establisned by the system, A
detailed time period ty time 9period analveis of cevetem
hypotheses revealed that the system had early on ccnsidered
3s mrany as three tarset classification types, tut as rore
irformation %Ytecame available to the system (in thae ferr ¢f
input from all the semsors in the array and fror wmcre
complete activaticn sets from each sensor) the system
narrowed its choices of <classification to the twe firnal
target tvpes descrited, and adjusted the certainty facters
accordinely with the increasineg amournt of information.

The results of the multiple target scenario were rot as
clearcut. The system correctly identified the type of tarret

with a certainty factor of .72

(1]

and & velocitry of 12.¢1

reters/second, but only identifiel one tareget instead of it

four actuallv present. The other clacsification rtroduced was




an alternate (competine) classi®ication; it was that of a
tracked vehicle with & certainty factor of .27%. Upon closer
irspection of the system 1intermediate operations and
ciassifications, it was discovered that the comtination of
target speed and separation distance produced overlap - thkat
is, a trailine vehicle would enter a sensor’s detection
range bdefore the preceding vehicle had a chance to exit that
same sensor’s detection rarnge. This resulted in spillage of
one alarm <et into another, a condition that the cystem in
its present configuration is not equpped to harndle. In this
case, lacking information to the contrary, the svstem had no
choice other than to consider each sensor activation set as

continuous, and hence resulting from one tarrfet.

D. CONCURRINT TESTING

The above two tests were by no means the ornly tests
conducted on the system; they are onresenteéd as a
reprasentative sample of the type of tests ccnducted &ard the
nature of the results cbtained. One ctjective of the thesis
effort, already mentioned, was to demonstrate that xnowledee
could ©bve added to the system in an incremental manner. This
was accomplished in part by the modification or replacerent
n¢ several of the system’s rules to reflect a small increace
in the %knowledse DbYase of the sSystem. A representative

axarple 1s the elirmination of rule 1112r2 and its

¢
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replacement by 1112r1, %both of which are detailed 1ir
Appendices A ard 3 in their enelicsh lanprage é&nd cacded
forms, respectively. In the original rule bdase of tre
system, of which 1112r2 is & part, all semsor activatione
are considered to be valid as received - vagaries in sensor
performance characteristics are ignored. In this manner, all
sensor activations are received and passed directly inte the
system data tase for further processing; the sensor status
remains unaffected whether a sensor is performinz properly
or not. Sensors do btehave erratically cn occasion, however;
{f an erratic sensor s allowed to influence ar ongoine
classification then & skewed or an erroneous classification
will result. The replacement of 1112rf# by 1112r1 was
designed to add some additional informetion into the <srstem
concerning the detertion of a senscr in & aypersensitive
condition (defined as the <condition that results when a
cens<or becomee hyperactive and transmits activations whether
a target is  present or not). With the additionel
information, the system successfully identified and
elirinated from consideration a sensor that was forced to
tecome hypersensitive (through the simple mechanism of
placing a target with zero velocity directly on top cf the
sensor). This represented & previous {irprovement over a
previous test in which the system included the
malfunctionine sensor in the classification <calculations,

thus &generatirg a false classification. It is sufficient to
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note that, 1lthoueh this represents an improvement in syster
Xnowledee in that sares, it by no mears reprecsents perfect
irforrmaticn in that area. A sensor that chose tec malfuncticn
in the middle of a «classification formation invariebly
sxewed the result. More complete 1information, perkaps
causing any classification to te redone when the condition

ts finally identified, seems to he a reasonatle apprecacn.
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VI. CONCLUSIONS ANL RECOMMENTATICNS

A. CONCLTSIONS

From the 1limited testing <conducted, ané the lirited
nature of the subset cf the problem space that was cacsen
for 1invecstigation, it was difficult to draw any sweepine
coenclustions concerning the applicability of a
¥nowledese-tased production to this class of protlems., Thre
fact remains, however, that in the limited time availatle
and with limited resources, a production system tha?
performed reasorably over a small subset c¢f tne pretlier area
was developed. It appears to he feasidle to apprcach the
prodlem of analyzing and correlating erouvnd <enccr
irformatior throueh the utilization of a knowledee-tased
production system, No claim 1is made <concerring thre
optimality or even continued feasidility of representing the
datea space of the ground sensor problem in the menner
described in this thesis; it is reccenized that this atterpt
at solution mav Dbear little resembtlance to én nperationel
production system, should one ever de implermented in this
particular area. Given all the caveats above, however, it
seems reasonadble tc assert that knowledge-tased producticn
systerms offer a possibdle means of solution to this protler

area that ought to te explored,

73




AN _—'——————'——“

Zven in such a limited effort, the advantages arnd the

potential of a knowledge-based producticn system were
apparent. The potential adaptability of tne centrol
structure allowed a tremendous flexidility in the prototype
design, even at the present level 0¢ development.
Circumstances can alreedy bve forseen where nultilevel
transfer of information will %Ye desirable (as ir the
addition of the <capadility to process inforreticn from
Classification types of serscors, which should provide direct
confirmine classification information from basis~ data level
input) thus  bypassing several intermediate levels »f
processineg. A chanee of that magaitude ir a correspondize
algorithmic technique wouvld potentially bte difficult ard
mizht even force in a complete redefinition of the oprotler
or a major program vrestructuring. In the ctrototype
production system developed, however, 0o change at all is
required in the centrol structure to allow for the
processing of that rew ferm of informatior. 4 urified da‘la
base, properly repres<ented, will allow the wuser to
eventually query the system as to the reasoning fer system
deducticns made, and will allow the system to respond in an
understandadle ard a uceful manmer. The glotel availatilitv
of the data base also mazes irntroductior of reta-rules
possible to estatlish a wuniform control <«<tructure to
estabdlish the order {n which production rules cn any civer

level are considered fer evaluvation., Representine Xkxnowledoe
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atout the prodblem <cpace in the form of production rules
allewed an incremental approach to the level o0 corpetence
achieved 1ty the system, It tecame apparent early on that

[N

representing information as irdependent, modular "chunks of
krowledee facilitated the initial establishment and testine
of, ard the 1later augmentatior of, system knowledge as
presently embodied in the prototype system.

The last, and perhaps the most important advantage of all
accrued by structuring the probtlem iz terms of a
knowledge-based production system was the ability of the
system to <conveniently represent ard orecess competing
hypotheses simultaneously. In the present system
configuraticn, with 1its relatively simple classification
scheme (based solely nn the difference between the meazsured
average velocity at & riven time and the the median expected
velocity for a siven class of tareet), this ability 1is naot

critically 1important. As knowledee is added to the cvstenm,

N

hewever, both in differine forr and in increased scope, this
capability will almost certainly assume & ~sreater
importance. Simply expressed, Aifferent aypctheses at any
Flven level of program knowledege represeantation exprecses
the sum total of what the system knows about the prodhlerm
state at any »river morent. Since the syster is sensitive t¢
ary <chanee in the state of the world withinr the scope c¢cf a
sinele cycle, ani since that chanee will DdYe irrediately

reflected in a change to one or more nrpotheces, *he vuycer {c
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potentially kept informed of even tze sligatest change in
the environrent in which the system is operatins., It must te
noted that any other represeatation of system inforration
has the potential of hiding important information from the
user. The representation cf the system state as a series cf
competing hypotheses is thus a very powerful means of the
representatior of system information.

The disadvantases and urcertainties of the rprototyre

procduction system developed must alco be reported, however, ;
R

as they reflect upoa the applicatility, “rost”, and the %
limitations 0¢ knowledze-~dbased ©production systerms as thev
apply to this type of prodlem area, As indicate? ty the ,L

fievres gilven previously, the cost in terms of sitorage

utilizaetion for the prototype Syster is relatively larese.

Giver the small npurter of oproduction rules cupported at

present, this cos® at first seems inordirate. Allusior has
already ‘teer made tc the amount of duplicity that is fcund
ir the coded production rules;y a price is certainly pail to
gvarantee rule irncdependence. Thice disadvantage chorld te
tempered by the realization that the choi~e of larsuare rade
to implement the system was definitely not an optimal one,
and 1irn fact may ccantribute tc this pretlem to 2 sienificant
degree. As the syvstem desisen proeressed, it tecame apperernt
that the majority of primitive operations that the systerw
performed were of the 1list ©processing nature. A list

rocessing larpuage (a good exarple of a larnguace
P
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specifically decigened to process 1lists is IISP)Y would
nrobably have represented a tetter choice ¢f an
implementation lanzuage. Nevertheless, one of the
disadvantages to keeplirz infcermation chunks inderendent is
that some rules are duplicative in nature, and 1 the size
of the rules are large in gereral, the storage cozst will te
high.

The most cerious dicadvantaee, it was felt, was the lack
of a degree of confidence that the representaticn of
knowledee (as represented by the form of the date tase arndé
the production rules) was adequate in nature. The
representation of knowledepe is diverse and hotly debdated
tepic, there is very little in the wav of 2guidelines orn how
to adequately represeant kancwledee in any 4omairn. There is 2o
assurance that any further advancement 1in the ctretotyse
producticen system developed will mnot lezd to disaster in
terms cf reprec<enting the cldasses of information that rmues
be <considered to alequately represent the protlem srace,
This< lack of assurance is common to an alcorithmic apcreech
also, perhaps even tc & much greater degree, sirce cne srall
change has the potential of collapsine the entire control
structure of éuch a system. The realizaticn that “adequacy’
0f the structure of informatien representaticn 1{s rnot
demonstratle irn any krown sense (even glven the 1inrherert
flexibility of the control structure) {s sorewhat

disauietine. At present, it cannot te demonstrated that thre
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approach presented in this desien effort offers the

necessary flexibility to overcome major conceptual chargees,

B. RECOMMENDATICNS

In regards to the prototype system developed, it <ceems
desiradble to continue the development effort. Althoueh a new
generation of sensors is teineg developed [REMEASS], ard
various techniques are beine explored that classify tarsets
at ereat rarges [NOSC], the btasic protlem of correlation of
that information, once recieved from whatever means, in a
vseful and timely manner remains. Certainly, further
development and expansion of the prototype system doveloved
as a result of this thesis is encouraged. Much i{nformation
about the problem space was derived from this effert o
implement a <imple system. Much of the processiag reguired
on the lower levels of the prodblem, whick at first seesred
uncomplicated in n&ture, actually required <ome rather
complex primitive actions to be taxern. Contirued develcrprent
of the svstem precented will almost certainl: gproduce
further 1insieht as tc the nature of the protler swnace, ani
the ¥nowledee and processing required to represent é&nd

produce scluticns in the probdlem space.

D

As may Ybe inferred from the foreesoine discussion, {t is
felt that the application of krcewledge-dbased rcroducticrn

systems offer distinct advantases in this and other related
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protlem areas, The inherent flexitilitv of the contrel
system and the incdependent nature c¢f rules in the rule dase
lend themselves to the incremental aporoach to & solution =¢
this class of prohlem. Certainly, as more (in terms of
quantity) and diverse (im terms of potential sources?
arounts and types of information become availadle to the
military cemrmand sStructure at every level, the recuirerent
for a hiehly adaptive <control structure to ©process and
correlate that inforpation received will only increase,
w2ile the time allotted for the =svetem to perfeorm these
tasks (whether the system be composed of machines or huran
beings) will‘surely decrease as faster respcnse times are
demanded., Pecause more will Ybe demanded, more will te
expected, and in ar increasingly shorter time frare. It

therefore tehooves thoS=e who 3llocate the resources for this

(]

capacity to <&llncate the availabdle resources in an optimel
fasnlon, Tnowledge-based production systems seem tc cffer a
viatle methnd of nmeeting this <challense, especially acs
precessing nhardware becomes less expensive, while rurmarn
resources become more expensive. Further research ard
investigaticn 1into this area of research is therefcre

certainly warranted,

73




ATPINDIX a - SYST3IM PRCITICTICH a7L=S
IAVLE NC. ZULS
1¢lire I¥ a sensor is a Class III detection=-crly tyrne
sensor AND if its arctivation value {5 @reater
than & firxed vrper threchold iimit AWI {7 ite
activaticn value is grsater taer the averare
of the activation values for all the active,
non—bv"er<ensit1 72 clase 11 deteciicr-oraw
type sensors ir tane s&ame sensor array ANI to2
Senscr nas been ncao-hyversensitive for the
required periouv or *irme
TEZN set tne sepscr t¢c nyperssnsitivs
1¢ltirl I¥ a sensor is @ cless III detection~anliy tvre
senscr AND {f that ssnsor is anyversensitive
AND iF 1ts activaticrn valua 1S zot greatsr
then & fixed uvgper threshold I1imit 2 I7 it
activation value 1s net greater tharn tne
average cf the activatics values fer all the
active, non- hypersensitive ¢clees II1
Aetecticn=cnly tvoe sarsors irn tone szre
Sensor array ihD tre S2nSCr has tesrn
rvpersencitive for the reguired period cof tire
TEEZN set the sensor t¢ noen-hycersensitive
1¢11r2 IT a sensar is & clecss III detection-ornliv tvie
sensor AND 1If tnhe senscr is inactive ANI the
sensor has activation(s) for this tire =2ric
TETN set the sensor %o active
17113 I¥ a senser is a class III detecticn—-rrly tyue
sensor ANT if its actixatiOJ Value is 1ec<5
thar a fixed lower thnresinld 1imit ANT ir ite«
activation vaius Is 1ess tzan the tur Averes-
af the activation vaiu«s fcr all ths a~wiv=,
ron-nypersensitive clacs IIT dete-~tior-oanilv
; : ANT tha

1

type Sensors iz the 34
sensor nhés teen activ
of time

TEIN set the sernsor to iractive
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IT a censor is & cla
sangor AND 1f it a
time period

TN create & fiitered data se€t for the sersar
(tvpe © filtering)

lli2rt1 IT & <censor ic & class III dezection-only type
sersor AND if it nhas activaticnis) ia tais
time pericd ANT if the sensor is not

nyvpersercitive
TEIN create a filtered Zate sst Tor tiEe senscy
(type 1 filterinsa)

1713r? IT a senser is a class III detection-cnly tyuns
senser AND if it thas filterei lata iun this
time pFriod, tae sum of which dees rnot extend
to thr erd nf the tire period, ANID 2
val<a set does not exist feor this =2t of
filtered date

THIN define a validi set’ for tne cerser, insert

the rew valid set in the seasor’s wailid s=t
list, calculate tne time ¢f the centrolia oI
tae vaiid set, mark the valid get cornl=ts ,
and setl the valid set type 1c new

121311 If 2 sensor is a class Il detsction-on.y tyre
sanscr ANT if i1t has filtered data in this
time period, the suvm of wrich mév extend |
rayond tuis time perics, ANT 2 “vaiid o=t
dc=2s not exisi for this set of filteresd dats

TETYN define & valid set’ for the sencsor, insert
tne new valid set in the sensor’s valié set
1ist, calculate the time 0o¢ the centrcil ¢f
the valicd set, marx the valid cet
incomplete”, and set tae valid set type

to new

1212r2 I a sensar is & class I1II detection~-rrnivy tupe

111
sersor AMD 1if it has filtered “ata in tnis

tire period, the sur of which dces not oxiend
bevona thie time period, ANI & wveila set
already exists taat is mearningful tr tals <ot

of filtered iata .
mewN ypdate tnat valid set , wodele tihe tiaon
of tre centreid of tne valid s3t, marg tone
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1213r3 IT a sensor is 3 ci3ss III detection-crnly tyze
sensor AND if 1t pas filiered date ir his
time perioed, the sum c¢f wzich ney extsnd
teyend this time pericd, ANI 3 valid ser
alreedj exists that is meaninesful to tonls <e*
of filtered cata "
TrEN upaafe that vialid st , update the tir=
of the centroid of the velli s=t, ani cet
tne valid set tvie to eytsnsica :
gy
- : . . : . 1
1212r¢ IT the tirme of uypcate Inr & velid set ie leoes
t2an tce rurrent system tire ANID the vialili ser
is iaccmpiets 33 the valid set Is comilatz 204
nas & tvpe »f "new”
TFIN mary the valid set cermplets , set tne :
Updats time of tne valid set to the Ttase a3tz
time, anc set the velid st trpe to NUILD
131Zr? I¥ a valid set from a class III dstscticn-only
tvpe sencor has a certrold time thet i lz=g
tnan trne starting tire taat would he rssuire”’
for the slowest pessitle tarest te travel tg
the adjacent seasor tnat is farinest
from the sernsor AND tne valid set is rot part
¢f an event hypotanesic
”L?N rermove tae velid set from further
onsideraticrn |
13lere IT valid sets from Class I1i detection=-only tyie
sensclrs are present frem at lsast a pinirus
correlation set for a trail array, and ihe
valid sets are time ordered ty relative
sensor pcsition
TEEN form an event hructhesis axnd caiculats the
target velocity list veire thes variaue censer
combinatiors
i4idre IT a duplicate event nypothesis =xists frecr th=
came arrey i
TEIN elimirate the latsr duplicate

"
fa

. em———— e - s




1T an evant hyypothesis fror apn array is 3 sutset
7 anotner évent avoortnesls Irein the cgré
array
TETN remove the sSubdset hyuothesis
} 1ei4ar2 IT an event hypothesis from an arrav is &
: subextension of aznother event Lyudthesis frer
tne same arra&y
TEZN remcve tne sutextensicn svert agvipotrnesis
i4lBry I¥ an event nypothesis nas bewn formed at iz
present s¥vsrtem time AND i7 any velslity frerm
its veloecity iis t is greater tonar ¢or eyual to
tne exgected minimum spe=d for yersouansl =~0d .
leéss then o7 equal to the ggpected megi~um
speed for personnel IR tne rminirum event
velccity is less trhan ths expecleld rminirur
speed feor perssnnel and tre mailioum event
velocity is greater tnan tae ex.ecie?
maximum sp2ed for persornuel
TEZIN form & personnel  clessificeting
ayocthesis, calculate tne certainty fertor
of ali classifications formsd from tha
evept to date, and calculate ihe
classificaticn varameters
1418511 I¥ ar event hyrothesis nas been formed &t tns
sresent system time AND 17 any velocity frorw ;
its velocity lis: is ereater tran or =3jua. (¢
tne expected minimum <speed for wheeled
vehicles an? less taah or equa: to the
gxpected raximrum sSgpesd for wheelaed yerniril=s C3
t ne m1nlmum event velocity is lese tonen thz
exnected minimuin speed fer waesied verirles
3"1 Lhe raxirum event velocity 15 =reztieor ith-nz
the expected maximum <peed for whealed
venicles . N
TEEN form a wheeled vehicle classification .
hvpotnesis, caiculate the certeinty facnr
of all classificaticns forred from toe {
event to date, and calculate the ’
classification varaemeters
14152 IT an evert avpotnesis n3s heen {forr=l at tus
present syster tirme ANT if an, veld-iiv fronm J




to date, ard
ien paramstier

f)
L~
«t

1Sre I¥ an event aypotiesic Zas been formed et <the

opresent syster time ANT if any velccity “rer
its velocity list is ereater 1raz Or eguai to
the expected mirimum <peed for fired wirne
aircraft and less tnan cr s3ual to tre
expected mavimum sgpeed for fixel wine aircrafs
CR the minimum event velncity ic¢ lecss then ke .
expected minimpum speed fer fixsd wing alircrait ;
and the maxirum eveat velocity 1s er=z1=71 .rzn i
the expected meximum sgpeed rar figsd wirs
aircraft ‘

TFIN form a fixed wine aircrzft’ classificzticn i
nyzothéesis, calculete the ceértaiptry factsr
of aill classificaticers fecrrm2d “rom tns :
evant 10 date, and calculate ths ;
clascsification paremeters ’ j

1&rk ¥ ar event nypotaesis anzs reen formal 2t tos i

present syster time AND 12 arny velocity Tror
its velocitv list 1s greater tzoan or =5uzl *o
tre expected minimum S3eed for a4 SLock wav2

TEIN form a snock wave classificatiorn
nypotanesis, calculate tne certainty facter ;
of all classifications forr=2i from the '
event to date, and celculiate the
classificaticn nararetars

515r¢ I¥ a3 classificatiorn aypothesis is a

cuplicete, sutcet, or sutextencior nof ern-ther
classificatiocn 2ypctnesis 5

TFZIN remove the dnilicate, subset, cr
cutextensiorn hypothesis i

m
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Example Sensor Readout
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Processing Methods
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System Configuration Before Activation

Array

Head

*:I Filtered Data List ‘

3 4 < 30 [rain -

Head

w
[1°]
3
-
o
-3
— .
o

Sensor

Head Tail

\I:T:

(

Sensor r‘J

3 Head Tail

(
=

Tail

Figure 5

265

R N o L o AL
43 "




System Configuration After Activation
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